The Neurokinin 3 receptor (NK3R) is a G protein-coupled receptor that is expressed in brain, and is highly expressed by magnocellular vasopressinergic neurons in both the paraventricular (PVN) and supraoptic nuclei (SON) of the hypothalamus. Hyperosmolarity causes a ligand-mediated internalization of NK3Rs to the cytoplasm and to the nuclei of vasopressinergic PVN neurons. This receptor activationdependent pathway is presumed to be a means to directly transmit synaptic signals from the cell membrane to the nucleus. The present study evaluated in vivo the subnuclear domains that associate with NK3R. Rats were administered 2 M NaCl (intragastric) or no intragastric load and 40 min later the PVN was dissected and nuclei isolated. Using double-immuno transmission electron microscopy (TEM) we show that, compared to controls, hyperosmolarity causes a significant increase in NK3R immunogold beads in the nucleus of PVN neurons. Furthermore, NK3R spatially co-localized with histone H4 and with highly acetylated H4 in nuclei isolated from the PVN of rats administered 2 M NaCl, but not in nuclei from control rats. Next, co-immunoprecipitation experiments showed that acetylated H4, as well as acetylated H3, were pulled down with NK3R in the PVN nuclear enriched fraction from rats treated with 2 M NaCl, but not from control rats. In response to hyperosmolarity, NK3R are transported to the nucleus of PVN neurons and associates with transcriptionally active chromatin where it may influence the transcription of genes.
INTRODUCTION
Vasopressin (VP) is synthesized by magnocellular neurons in the paraventricular (PVN) and supraoptic nuclei (SON) of the hypothalamus, and is released from the posterior pituitary. Extracellular hyperosmolarity and hypovolemia are two physiological cues that elicit the release of VP (2) . The release of VP in response to these physiological challenges involves multiple receptors that are expressed on VP neurons. The majority of VP magnocellular neurons express the tachykinin neurokinin 3 receptor (NK3R; (13; 14; 46) . The NK3R is a typical membrane-bound, G protein-coupled receptor (GPCR) and is coupled to the pertussin-toxin insensitive G q /G 11 and G s (35) . Following ligand binding GPCRs, including NK3R, are desensitized and internalized to the cytoplasm (8; 11; 31) . Internalization of NK3R to the cytoplasm of magnocellular neurons in the SON and PVN occurs in response to application of a NK3R agonist, hypotension, and hyperosmolarity (21; 26) .
Typically, GPCRs are either recycled to the membrane or degraded following internalization to the cytoplasm (17; 45; 61) . This is not the case for NK3R and several other GPCR's. Following internalization, confocal microscopy showed that NK3Rs are trafficked to the nuclei of SON and PVN neurons shortly after the onset of hypotension and hyperosmolarity, respectively (21; 26); a result confirmed by Western blot analysis of NK3R protein in isolated nuclei from PVN neurons (28) . Subsequently, the subnuclear localization of NK3R was identified using immuno-transmission electron microscopy (TEM). TEM established that following the hyperosmotic challenge, NK3R was within the nucleus and mainly dispersed in the less electron-dense regions (28) . In addition, NK3R immunogold was also detected in the nucleolus and along the inner nuclear membrane of isolated nuclei (28) . Dominant within the nucleoplasm is dispersed chromatin, a DNA-protein complex that is comprised of core histone proteins (H2A, H2B, H3 andH4) wrapped by 146 bp of DNA (37; 47) . The post translational modification of histones by acetylation, phosphorylation, and methylation, affects the chromatin structure and the accessibility of DNA (1; 18; 24) . Acetylation of the histone tail relaxes chromatin structure and is generally linked to transcriptional activation (1; 24) . Histone H4 can be acetylated at four lysines and acetylation of histones is catalyzed by histone acetyltransferases (HAT; NK3 receptor and chromatin 4 (60)). Acetylation of H4 can occur at a single, double, triple and tetra lysines, and acetylation of multiple lysines proceeds in a specific order (62) . Acetylated histones, particularly H4 and H3, are concentrated at active gene loci (24; 60) and mutation of H4 and H3 severely reduces gene activation (16; 63) ; combining the mutations produces a greater deficit than either mutation alone (63) .
Immuno-TEM established that NK3R is translocated to the nucleoplasm of PVN neurons following acute hyperosmotic stimulation (28) . Identifying the subnuclear domains that associate with NK3R is essential in determining the functional impact of the activity-dependent translocation of NK3R into the nucleus. In the present study, we show using double immuno-TEM and co-immunoprecipitation that NK3R co-localizes and associates with acetylated histone H4 and H3 in PVN neurons following an acute hyperosmotic challenge. This association was not present in nuclei isolated from control rats. Thus, once activated in response to a physiological stimulus, NK3Rs are translocated into the nucleus and associate with histones to potentially affect chromatin structure and gene expression.
METHODS

Animals and treatment
All animal experiments were carried out in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the University of Wyoming Institutional Animal Care and Use Committee. Male Charles River rats (Charles River Laboratories, Wilmington, MA, USA) (~300 g) were housed individually in hanging stainless steel cages and maintained in a controlled environment (25 o C, 12 h light/ 12 h dark) with food and water ad libitum.
Rats were handled and adapted prior to the experiments to reduce stress. Rats were hand-held and an infant feeding tube was gently inserted into the stomach. Rats were given either an intra-gastric (IG) load of 2 M NaCl (6 ml; N=2) or a sham load (N=2). Rats were then returned to their home cages for 40 min, and then deeply anaesthetized with sodium pentobarbital (70 mg/kg body wt., ip). Previous publications from this lab show that plasma osmolarity increases to ~320 mOsmol, plasma VP levels peak, and NK3R are translocated to the nucleus at 40 min following the 2 M NaCl treatment (21; 28) . Once NK 3 receptor and chromatin 5 deeply anesthetized, rats were decapitated. The brain was removed and a 2 mm coronal section containing the PVN was collected. The dorsal and ventral boundaries of the PVN were identified using a surgical microscope; the PVN area dissected from the surrounding tissue and chopped into small pieces (28) . During the whole process, the PVN tissue (~25 mg) was kept cold on ice.
Immuno Electron Microscopy
Nuclear isolation. PVN nuclei were isolated using established protocols (28) . PVN tissue was transferred into a Dounce homogenizer containing 1.0 ml homogenization buffer (0.31 M sucrose, 3 mM CaCl2, 2 mM MgCl2, 1.0 mM EDTA, 0.1% Triton X-100, 1.0 mM dithiothreitol [DTT], 10 mM Tris-HCl; pH 8.0) with Halt protease inhibitor (Pierce, Rockford, IL). The PVN tissue was homogenized with 30 strokes of loose and tight pestles, sequentially. The homogenate was centrifuged at 1000 × g for 15 min at 4 °C for 2 times in 1.0 ml homogenization buffer, and the supernatant was discarded. The pellet was re-suspended in 0.75 ml homogenization buffer and then mixed thoroughly with 0.75 ml sucrose buffer (1.8 M sucrose, 10 mM MgCl 2 , 1.0 mM EDTA, 1.0 mM DTT, 10 mM Tris-HCl, pH 8.0). The 1.5 ml homogenate was overlaid on 1.0 ml sucrose buffer and centrifuged at 30,000 × g for 60 min at 4 °C in a swinging bucket rotor (Optima TM MAX Ultracentrifuge) to isolate nuclei. The supernatant was discarded and the isolated nuclear pellet was then re-suspended in 0.75 ml homogenization buffer and centrifuged at 1000 × g for 15 min at 4 °C twice. The nuclear pellet was collected and fixed with 4% paraformaldehyde and 0.25% glutaraldehyde in phosphate buffered saline (0.1 M, pH 7.4; PBS) for 1 h at room temperature. After fixation, the nuclear pellet was rinsed in dH 2 O and dehydrated in a concentration series of ethanol (50%, 70%, 85%, 95%, 100%, 5 min each). The nuclear pellet was embedded in LR White resin and allowed to polymerize at 60 °C overnight.
Sections (50 nm) were cut using an ultramicrotome. Three or four sections were mounted on each formvar-coated nickel mesh grid (Electron Microscopy Sciences, Hatfield, PA). To decrease the possibility that the same nucleus was collected and mounted on the grids, multiple sections were discarded between each saved section. To inactivate the residual aldehydes, sections were first incubated with 0.1 M glycine NK3 receptor and chromatin 6 in PBS, and then rinsed in PBS containing 0.1% Triton X-100 for 5 min. The sections were blocked again in incubation buffer (PBS with 0.2% Tween-20, 0.2% BSA-C) containing 5% normal goat serum for 40 min. Next, sections were incubated in incubation buffer containing the Histone H4 antibody (1:20) or the Pan-acetylated Histone H4 antibody (1:20) for 2 h. The sections were rinsed in incubation buffer (2x for 5 min) and then incubated in the secondary antibody conjugated to 6 nm gold beads (goat anti-rabbit, 1:30 for 2 h). After rinsing with PBS, the sections were blocked in incubation buffer containing 5% donkey serum for 40 min and then incubated with the sheep anti-NK3R antibody (5 µg/ml) for 2 h. The sections were rinsed in buffer and then incubated in buffer containing 5% donkey serum for 20 min. Last, sections were incubated in donkey anti-sheep secondary antibody conjugated to 15 nm gold beads (1:30) for 2 h. The grids were rinsed with incubation buffer for 5 min and then PBS (2x for 5 min). The sections were fixed with 8% glutaraldehyde for 1 h and then rinsed in dH 2 O. Sections were stained with 2% uranyl acetate for 30 min and lead citrate for 30 sec. Grids were viewed on a Hitachi H-7000 Electron Microscope.
The immunogold labeling process was completed under room temperature. Three different methodological controls were incorporated into the analyses. First, the NK3R primary antibody was omitted from the procedure. Second, gold beads located within areas of nuclei-free resin were considered as a background (nonspecific) labeling control. Third, isolated nuclei from the control rats not administered with 2 M NaCl served as normal controls.
Electron micrographs for isolated nuclei were captured with a Gatan high resolution 4 k × 4 k digital camera and Gatan Digital Micrograph software (Pleasanton, CA, USA). For each isolated nucleus, one image containing the whole nucleus was taken at low magnification (6,000×). Multiple images of the same nucleus were taken at high magnification (20,000×) and then stitched together with Adobe Photoshop Cs2 (San Jose, CA) to provide a high resolution image of the entire nucleus for quantification.
In addition, images were taken at higher magnifications (40 
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Seven nuclei were randomly selected per grid and three grids per animal were collected and analyzed. The number of 15 nm gold beads was counted by a third person, who was blind as to the experimental manipulation. The area of the nucleus was measured using NIH ImageJ software and the density of 15 nm gold beads was expressed as the number of gold beads divided by the area of the nucleus (beads/ μm 2 ). Background immunogold labeling was determined by counting the number of gold beads in areas of nuclei-free resin surrounding the nuclei.
The spatial co-localization of NK3R (15 nm gold bead) and H4 or pan-acetylated H4 (6 nm gold bead) was determined. Energy transfer-based methods show that molecules that are close enough to generate an energy transfer are within 60 nm of each other (20) . Also, immunogold beads that are conjugated to the secondary antibody are approximately 30 nm from the epitope (3). Hence, for two epitopes that are in close spatial association the immunogold beads conjugated to the secondary antibody can be separated by up to 60 nm. Based on this information, if a 6 nm gold bead and a 15 nm gold bead were located within 60 nm of each other they were defined to be co-localized. The numbers of 15 nm gold beads co-localized and not co-localized with 6 nm gold beads were counted. The percentage of NK3R 15 nm beads that co-localized with H4 and pan-acetylated H4 was calculated by dividing the number of colocalized 15 nm gold beads by the total number of 15 nm gold beads for each nucleus.
Co-Immunoprecipitation (Co-IP) and Western blot
For immunoprecipitation the sheep anti NK3R antibody was conjugated to Pierce MagnaBind Carboxyl Derivatized Beads using the methods provided by the manufacturer (Thermo Scientific, Rockford, IL). MagnaBind Beads (400 µl) were transferred into a pre-cooled microcentrifuge tube and washed with 1.0 ml PBS three times. Sheep NK3R antibody (400 μg) was diluted in conjugation buffer carbodiimide hydrochloride) was dissolved in conjugation buffer (400 µl) and added to the bead-antibody mixture. The solution was placed on a rotating mixer for 60 min at room temperature. The beads were NK3 receptor and chromatin 8 then rinsed three times in 1 ml PBS and the antibody-bead conjugate was then stored in 400 µl PBS at 4 °C for subsequent Co-IP studies.
To address the interactions between nuclear NK3R and histones a nuclear coimmunoprecipitation was performed. Rats were administered either 2 M NaCl (N=9) or a sham load (N=9), and sacrificed 40 min later. Co-immunoprecipitation experiment was run in triplicate with the PVN tissue from 3 rats in each condition being pooled together to obtain a sufficient amount of extracted nuclear protein for the nuclear Co-IP and Western blot studies. The Active Motif Universal Co-IP kit (Carlsbad, CA, USA) was used to isolate a nuclear enriched pellet for the Co-IP. The manufactures instructions were used with slight modifications. Briefly, the PVN was isolated as described earlier and placed in a Dounce Homogenizer with 1 ml of complete hypotonic buffer (Active Motif) and homogenized with 25 strokes of both the loose and tight pestles on ice. The samples were incubated for 15 min on ice, transferred to a chilled microcentrifuge tube, and centrifuged 850 x g for 10 min at 4° C. The pellet was re-suspended in 1 ml of complete hypotonic buffer and incubated for 15 min on ice. Detergent (50 µl) was added to the sample and mixed by pipetting up and down. The samples were then centrifuged 14,000 x g for 30 s and the supernatant was discarded. The nuclear enriched pellet was suspended in 200 µl of complete digestion buffer and 3 µl of the DNA enzymatic shearing cocktail was added to the sample. The sample was incubated for 30 min at 37° C in a water bath and gently vortexed every 2 min. EDTA (4 µl, 0.5 M) was added to the sample to stop the reaction. The sample was left on ice for 5 min and then centrifuged at 14,000 x g for 10 min. The supernatant containing the nuclear proteins was transferred to a fresh pre-chilled 1.7 ml microcentrifuge tube and saved for the Co-IP reaction.
The nuclear protein supernatant was incubated with 75 µl of the anti-NK3R antibody-bead conjugated that was prepared earlier and 500 µl of complete Co-IP/wash buffer for 18 h at 4° C on a rotating mixer. The beads were then washed with 500 μl complete Co-IP wash buffer 4 times, and resuspended in 45 μl Laemmli Buffer (containing 100 mM DTT). After being denatured at 99°C for 10 min, the eluted sample was loaded onto a 4-16% PAGE gel for Western blot and separated by electrophoresis Afterwards, the membrane was incubated with the primary antibody in blocking buffer at room temperature for 1 h and then washed three times in TBST. The membrane was then incubated in blocking buffer with secondary antibody at room temperature for 1 h. For the NK3R immunoblotting, both the sheep anti-NK3R (1 µg/ml) and the Lifespan rabbit anti-NK3R (1:1000) were used to show that the NK3R was precipitated from the nuclear enriched pellet. For the detection of acetylated H3, anti-acetylated lys 9 H3 primary antibody (1 μg/ml) and chicken anti-rabbit HRP (1: 5000) secondary antibody were used; acetylated H4 was detected using the primary antibody (1: 500) and chicken anti-rabbit HRP (1: 5000).
Between each procedure, the membrane was rinsed three times in TBST for 10 min each. Freshly prepared Super-Signal West Femto kit (Pierce) was used for visualizing the protein bands. Images were captured using a Gel Doc XRS digital imaging system and antigen signal (pixel density) was quantified using Quantity One analysis software (BioRad, Hercules, CA, USA).
Last, as a negative control, the membrane was stripped a final time and probed for Lamin B2.
Membranes were incubated in blocking buffer with mouse monoclonal anti lamin B2 (1 µg/ ml) for 1 h, rinsed three times in TBST, and then incubated in chicken anti-mouse HRP (1:20,000) for 1 h at room temperature. The membrane was processed using the Super-Signal Femto kit and imaged using the Gel Doc XRS and analysis software.
Antibodies
For immuno-TEM, the antibodies against histone H4 and pan-acetylated H4 (Active Motif), were raised in rabbit. The histone H4 antibody detected H4 regardless of the posttranslational modifications (acetylation, methylation, etc) while the pan-acetylated H4 required acetylation of greater than 3 lysines.
The acetylated H3 antibody used in co-immunoprecipitation detected acetylation at lysine 9 and was purchased from Cell Signaling (Danvers, MA, USA). Three antibodies against NK3R were used: two NK3 receptor and chromatin 10 rabbit anti-NK3R antibodies, the K7 (kindly provided by Dr. James Krause) and the Life Span (Seattle, WA, USA) anti-TACR3 antibody both targeted a.a. 434-452 of the NK3R. The third NK3R antibody was raised in sheep against a.a 180-192 on the 2nd extracellular loop of the NK3R. The NK3R antibodies did not cross react with other tachykinin receptors and the specificity of the anti NK3R antibodies was confirmed by Jensen et al. using siRNA and immunoprecipitation (28) . Briefly, the specificity of the K7 antibody was established by injecting siRNA that was targeted against the NK3R unilaterally into the PVN. Twenty four h after the injection, NK3R was not detected using the K7 antibody in the injected PVN, but it was detected in the contralateral, control PVN. Detection of the NK3R protein by the K7 antibody recovered in the days following the siRNA injection. The specificity of the sheep anti-NK3R antibody for the NK3R was demonstrated by the observation that the K7 antibody (specificity validated by siRNA) and the sheep anti-NK3R antibodies, although targeting different regions of the NK3R, both label the same band on Western blots. Furthermore, using a pull down assay, the sheep anti-NK3R and the Life Span anti-NK3R antibodies immunoprecipitated the same weight protein that was detected by the K7 antibody. Hence, the sheep NK3R and the Life Span anti-NK3R antibodies recognize the same protein as does the K7 antibody. Collectively, the experiments establish that the three NK3R antibodies are specific to our target protein-NK3R and meet the published criteria for antibody specificity (7; 25; 38; 50; 52-54).
The anti-Lamin B2 (raised in mouse) was purchased from Invitrogen (Camarillo, CA, USA). Six nm gold beads conjugated goat anti-rabbit IgG secondary antibody was purchased from Jackson ImmunoResearch (West Grove, PA, USA); 15 nm gold conjugated donkey anti-sheep IgG secondary antibody was purchased from Electron Microscopy Science (Hatfield, PA, USA). Goat anti-rabbit and rabbit anti-goat IgG HRP, and Restore TM PLUS Western Blot Stripping Buffer were purchased from Pierce Thermo (Rockford, IL, USA). Universal Magnetic Co-IP Kit was purchased from Active Motif.
(Carlsbad, CA, USA). Magnabind Carboxyl derivatized beads and Pierce ® 3-color protein molecular weight marker was purchased from Pierce Thermo (Rockford, IL, USA).
For quantification of the protein bands in the co-immunoprecipitation experiment, the pixel density for each of the protein bands was determined using Quantity One (Bio-Rad, CA, USA) software.
The histone bands that were detected in the 2 M NaCl treated rats were outlined, pixel density determined, and the user-defined boxes were superimposed on the corresponding MWs in the control lanes. The relative density was expressed as the density of the target band or corresponding control band divided by the density of the local background. The density of the acetylated H3 and H4 protein bands on the Western blots were averaged over the three replications. The relative density was expressed as the density of the target band or corresponding control band divided by the density of the global background.
Statistical Analysis
Non parametric tests (Mann-Whitney U Test) were used to compare the number of NK3R immunogold particles and the frequency of association of NK3R and H4 of experimental (2 M NaCl load) to that of control rats. Densitometry of acetylated histone H3 and H4 were compared in control rats and rats treated with 2 M NaCl using t-tests.
RESULTS
Immuno-TEM: NK3R and H4 co-localize in nuclei following hyperosmotic challenge
Isolated nuclei were readily identified in the sections and the sections were free from contamination (e.g. membrane fragments, other cytoplasmic organelles; Figure 1 A) . At 40,000, 15 nm beads can be easily identified in the nucleus (Figure 1 B and C) and 100,000x magnification showed that H4 (6 nm gold beads) was dispersed in the nucleoplasm with NK3R (Figure 2 B and D) . The density of NK3R immunogold (15 nm) beads within the nuclei (n=42) from the control rats was low (0.8± 0.07 beads/µm 2 ), similar to the resin area surrounding the nucleus (0.6± 0.1 beads /µm 2 ; Figure 2 ) . Similarly, when the NK3R primary antibody was omitted, only a few 15 nm gold beads were detected (0.5± 0.06 beads /µm 2 ). Overall, the presence of NK3R in nuclei (n=42) from rats treated with 2 M NaCl (14.4 ± 2.0 NK3 receptor and chromatin 12 beads /µm 2 ) was significantly greater than that of control rats (P<0.0001; Figure 2 ). NK3R immunogold was mainly dispersed in the nucleoplasm. In addition, NK3R immunogold beads could be found along the nuclear membrane and nucleolus. Approximately 70% of magnocellular neurons express NK3R (13) and further examination showed that hypothalamic nuclei from rats administered with 2M NaCl could be subdivided based on whether or not NK3R immunogold labeling was present. Ten nuclei (< 1 beads /µm 2 )
showed NK3R labeling similar to resin and controls, and the remaining 32 nuclei showed that hyperosmotic challenge increased the 15 nm gold bead density to 18.8± 1.9 beads/µm 2 . Further, within these nuclei (n=32) isolated from rats administered with 2 M NaCl 94.3± 0.7% of the NK3R immunogold beads co-localized with the 6 nm gold beads for H4 (Figure 2 ). This was significantly greater than in control nuclei where only 9% of the limited NK3R co-localized with H4 (P<.0001). These results demonstrate that upon acute hyperosmotic challenge NK3R moves to the nucleus where it co-localizes with chromatin.
Immuno-TEM: NK3R and Pan-acetylated H4
H4 can undergo several post-translational modifications and the H4 antibody detected H4, regardless of the modification. As mentioned above, acetylation of H4 at the lysine residue is a marker for gene activation and H4 has multiple lysine acetylation sites. Therefore the association of NK3R and polyacetylated (pan-acetylated) H4 was determined. Polyacetylated H4 was readily detected in the nuclei from control rats and rats treated with 2 M NaCl (Figure 3 B and D) . Forty two nuclei from control and 42 nuclei from rats treated with 2 M NaCl were analyzed. There were very few NK3R immunogold beads within the nuclei from the control rats or nuclei from rats treated with 2 M NaCl for which the NK3R antibody was omitted (0.8± 0.08/µm 2 , 0.5± 0.06/µm 2, respectively; Figure 3 ). The density of NK3R and polyacetylated H4 in the resin surrounding the nuclei were both < 1 bead/µm 2 .
Among the 42 nuclei isolated from PVN tissue of 2 M NaCl treated rats and processed for NK3R and polyacetylated H4, 11 nuclei had a density of NK3R immunogold beads (<1 bead/ µm 2 ) that was comparable to control nuclei and resin. The density of NK3R immunogold beads in the remaining 31 NK 3 receptor and chromatin 13 nuclei (18.6± 2.0/µm 2 ) was significantly greater than that observed in control nuclei (P<0.0001; Figure   3 ). The majority of NK3R immunogold beads were co-localized with polyacetylated H4 (59.2± 0.8%, n=31) in nuclei from rats treated with 2 M NaCl, but only 10.2 ± 0.03% were found to co-localize in nuclei from control rats (P<0.0001). Similar to that seen with H4, the distance separating the 15 nm and 6 nm immunogold beads was frequently less than 11 nm (Figure 3 B and D) .
Co-IP: NK3R and acetylated H4 and acetylated H3
Immuno TEM showed that NK3R and acetylated H4 co-localize following the hyperosmotic challenge. We next tested whether nuclear NK3R physically associates with acetylated H4. In addition, histone modifications function in a combinatorial manner and we therefore tested whether NK3R associates with another histone that is subject to acetylation-histone H3. The pan-acetylated H4 antibody used in immuno-TEM did not detect protein using Western blots. Therefore, another antibody against acetylated H4 lys 16 (Active Motif) was confirmed in Western blot and used in coimmunoprecipitation. The detection of H4 acetyl Lys 16 indicates that this lysine was acetylated but does not rule out that additional lysines were also acetylated.
Nuclear proteins that were pulled down with the sheep NK3R antibody conjugated to magnetic beads were then probed for the presence NK3R protein using the sheep anti NK3R and the Life Span, rabbit anti NK3R. Both antibodies detected the protein immunoprecipitated from control rats and rats treated with 2 M hypertonic saline. Although these two antibodies recognize different amino acid sequences, they both detected NK3R at ~65-67 kD in the enriched nuclear samples. In addition, the sheep anti NK3R detected a second, lighter weight band (~59 kD) in the enriched nuclear samples from control and 2 M NaCl-treated rats. The Active Motif protocol yields a nuclear enriched sample but it is not a purified nuclear preparation, and the NK3R that was detected in the nuclear enriched samples (Figure 4 A) may be from cytoplasmic and nuclear fractions. Nuclear proteins were pulled down with the sheep NK3R antibody conjugated to magnetic beads and then probed for acetylated histones H3 and H4 (Figure 4 B and C) . Acetylated H3 and H4 co-immunoprecipitated with NK3R in the nuclear enriched NK3 receptor and chromatin 14 sample from rats challenged with 2 M NaCl and the density of the histone bands were significantly greater than that in control rats, t's (4)>4.6, P<0.001, P<.01, respectively (Figure 4 C) . In mature cells, H3 and H4 are nuclear proteins (19) and the observation that NK3R immunoprecipitated both histones in 2 M NaCl treated rats could only occur after NK3R was translocated into the nucleus. To check for nondiscriminate protein-protein interactions the membranes were checked for the presence of Lamin B2, a nuclear membrane protein. Lamin B2 was undetectable in the nuclear Co-IP membranes (Western blots not shown).
DISCUSSION
NK3Rs are internalized into the cytoplasm after ligand-mediated activation following hypotension, hyperosmolarity, and agonist (senktide) injection (21; 26). The internalization of the NK3R follows the traditional GPCR pathway whereby following ligand binding, the receptors are internalized where they are either degraded by enzymes in lysosomes or recycled to the membrane (17; 36; 61). However, in addition to these pathways, after ligand-induced activation, confocal microscopy revealed that NK3R was detected within the nuclei of VP neurons in the PVN and SON (21; 26). Subsequently, we utilized immuno-TEM to describe the subnuclear distribution of NK3R following an acute hyperosmotic challenge (28) . The present results using an NK3R antibody raised in sheep against the second extracellular loop replicate our earlier findings using a different NK3R antibody (raised in rabbit against the COOH terminus) that NK3R was dispersed within the nucleoplasm 40 min following administration of hypertonic saline (28) . Our present results show that nuclei isolated from the PVN of control rats lacked NK3R (less than 1 bead/um 2 ) and there was a significant increase in the presence of NK3R in the PVN nuclei of rats administered with 2 M NaCl (> 14 beads/um 2 ). Therefore, the nuclear translocation of NK3R to the nucleus of neurons in the PVN tissue is largely driven by synaptic events triggered by the hyperosmotic stimulus.
NK3R expressed in other brain areas are also trafficked to the nucleus. For example, under basal conditions, NK3R is found within the nucleus of neurons in the ventral tegmental area of rat (VTA, (40) and globus pallidus of squirrel monkeys (41) . Limited NK3R is found in nuclei of SON neurons under basal conditions, but nuclear NK3R increases significantly in response to hypotension (26) . It appears that in some regions, such as the SON and PVN, nuclear translocation of NK3R is activity dependent; that is, translocation is in response to identifiable stimuli, such as hypotension and hyperosmolarity (21; 26; 28) . The synaptic inputs and stimuli that influence translocation of NK3R to the nuclei of other areas such as the VTA and globus pallidus, remains to be identified or alternatively, if there is a steady state, constitutive transport of NK3R to the nuclei in these areas.
Our current results confirm our previous findings that hyperosmolarity causes the translocation of NK3R into the nuclei of PVN neurons. This raises the question of how a large, hydrophobic membrane receptor moves through the cytoplasm and into the nucleus? The transport of large proteins through the nuclear pore complex (NPC) requires that the target protein contains a nuclear localization signal (NLS) (57) . The NLS binds to the importin family of nuclear transport proteins. Once bound to the target protein, importins enable movement of the protein through the NPC and into the nucleus (12) . The NK3R contains a putative NLS region (amino acids 348-351; (39) and Jensen and associates showed that importin β co-immunoprecipitated with NK3R in PVN tissue isolated from rats administered an acute hyperosmotic challenge, but not in control rats. Furthermore, immunoneutralization of importin-β-1 significantly decreased the nuclear translocation of NK3R in CLU209 cells, a hypothalamic embryonic cell line (29). The results indicate that the importin pathway mediates the nuclear transport of NK3R in response to acute hyperosmotic challenge. But does the full length receptor or some fraction of the peptide translocate to the nucleus and how does the hydrophobic NK3R protein move in the cytoplasm to associate with the importins. First, the full length NK3R appears to be translocated to the cell nucleus.
Antibodies directed against the N-terminal (aa 6-18), the 2 nd extracellular loop (aa 180-192), and COOH terminus (AA 434-452) all detected nuclear NK3R in nuclei of hypothalamic neurons (28) . Similarly, the molecular weights of epidermal growth factor receptor (EGFR) that are detected in the cytoplasm and nucleus are the same (43) suggesting that it is transported to the nucleus in the full form. Chromatin immunoprecipitation assays show that following application of EGF, membrane EGFR are translocated to NK3 receptor and chromatin 16 the nucleus where EGFR associates with specific promoter regions to affect proliferative activities (43; 48) . In the case of EGFR, transport of the full length receptor involves the ligand-mediated internalization and transport of the receptor to the endoplasmic reticulum (ER). Once in the ER the receptor is extracted from the membrane by the ER-associated degradation (ERAD) pathway. The retrotranslocation of EGFR to the cytosol requires the association of the protein with the ERAD protein, Sec61 translocon and knock-down of Sec61 disrupts the nuclear transport of EGFR, in-vitro (42) . Within the cytoplasm the hydrophobic receptor could then associate with chaperone proteins and/or importins that mask the hydrophobic region of the protein (42). We previously showed that NK3R associates with importin β-1 for translocation to the nucleus (29). The ER degradation pathway is one hypothesized route via which full length proteins, such EGFR and possibly NK3R, may be translocated to the nucleus (42; 49).
In the present experiments, the PVN tissue block contained the magnocellular and parvocellular areas of the PVN, as well as parts of the anterior and medial preoptic nucleus (28) . Not all of these areas express NK3R. While the actual tissue sample was heterogeneous, the expression of NK3R is restricted to neurons and furthermore it is highly expressed in the magnocellular divisions of the PVN with some NK3R present in parvocellular portions (13; 14; 21; 23). Ding and colleagues indicated that slightly over 70% of NK3R expressing neurons were positive for VP (13) . Furthermore, confocal microscopy showed that NK3Rs are translocated to the nuclei of VP neurons in the PVN following administration of 2 M NaCl (21). Collectively, this information leads to the inference that many of the isolated nuclei showing nuclear NK3R following the hyperosmotic challenge are from vasopressinergic magnocellular neurons.
The primary issue addressed in this paper is the possible target and function of NK3R within the nucleus. Double labeling immuno-TEM shows that following the hyperosmotic challenge NK3R moves into the nucleus where it co-localizes with H4. Indeed, 94% of the nuclear NK3R was co-localized with H4.
We further show that following the hyperosmotic challenge NK3R co-localized with acetylated H4, a marker of gene activation (30; 51) . Approximately 60% of the NK3R immunogold beads co-localized with acetylated H4. The magnitude of the co-localization was less than that observed with H4 and this may reflect the properties of the polyacetylated H4 antibody. As mentioned above, H4 can be acetylated at multiple sites and the antibody preferentially recognized H4 that was acetylated at 4-5 different lysines.
As such, any less acetylated H4 or H4 that had undergone other posttranslational modifications would not be detected. Nevertheless, over half of the NK3R was co-localized with highly acetylated H4 indicating that NK3R is present at transcriptionally active portions of chromatin.
In order to confirm a protein-protein interaction (NK3R and histone) co-immunoprecipitation studies were conducted. PVN tissue was taken from control rats and rats administered 2 M NaCl, and NK3R was immunoprecipitated from enriched nuclear samples. Samples from control and treated rats were probed with a sheep anit-NK3R and a rabbit anti-NK3R. Antibodies from different species that targeted different amino acid sequences detected NK3R at ~65-67 kD in the enriched nuclear samples.
The second, lighter band (~59 kD) detected by the sheep anti NK3R may reflect, in part, variable glycosylation modifications and differences in affinity of the antibody for the complexed and noncomplexed forms of NK3R.
The enriched nuclear preparation protocol from Active Motif yields a high concentration of nuclear proteins, but it also contains cytoplasmic proteins. NK3R that was immunoprecipitated in the enriched nuclear samples from control rats was likely cytoplasmic NK3R. Support for this conclusion is provided by the current immuno TEM images showing that NK3R immunogold beads were minimal and at levels equal to that seen in resin in nuclei isolated from control rats. In contrast, nuclei isolated from rats treated with 2 M NaCl displayed a high density of NK3R immunogold beads. These immuno-TEM observations in control rats and rats treated with 2 M NaCl replicate our previous report (28) . In addition, when a stringent nuclear isolation protocol was used, NK3R was not detected by Western blot in nuclear samples isolated from control nuclei that were free of cytoplasmic proteins; NK3R was readily detected in uncontaminated nuclear samples from rats treated with 2 M NaCl (28) . In the present experiment, NK3R detected in the nuclear enriched samples from rats treated with 2 M NaCl reflects both nuclear and cytoplasmic protein. Histone acetylation is critical in the epigenetic control of gene regulation. Since NK3R associated with both acetylated H4 and acetylated H3, one possibility is that the NK3R possesses intrinsic histone acetyltransferase (HAT) activity. Sequence examination revealed that there was no correspondence of the NK3R sequence with that of other proteins with known HAT activity. NK3R also lacks the traditional DNA binding domains, such as zinc fingers. As such, NK3R acting alone would not appear to be capable of influencing histone acetylation or gene activity. However, as a complex with other factors NK3R could influence chromatin structure. One possibility is that NK3R protein has an activational role. For example, HBO1 (histone acetyltransferase binding to ORC) is a nuclear protein that has no or little intrinsic HAT activity, but as a complex with another protein has considerably higher HAT activity and acetylates histone H3, and H4 lys 16 (27) . Alternatively, nuclear NK3R could have a targeting role by recruiting HATs to promoter regions. The association of proteins with histone acetyltransferases is proposed as a mechanism to selectively target chromatin acetylation (5). The Nuclear receptor coactivator 6 is a nuclear protein that similarly lacks HAT activity and modulates chromatin structure by recruiting histone acetyltransfereases to the promoter (44). As such, the association of HAT's with NK3R might be required to for the promoter-specific recruitment of HAT function to specific histones in promoter regions of genes activated by hyperosmolarity. Thus, two possible actions of nuclear NK3R await further confirmation. (56)). The third mechanism by which a GPCR may indirectly influence nuclear function is related to the endocytosis process itself. Activation of GPCRs causes cytoplasmic β arrestin to move to the cell membrane to colocalize with the receptor where it promotes receptor endocytosis (9) . For example, stimulation of the delta-opioid receptor results in an arrestin-mediated internalization and the translocation of β-arrestin to the nucleus. There, β arrestin recruits P300 to acetylate H4, leading to the transcription of specific genes, including c-fos (32) . Chromatin is a direct target of both NK3R and β-arrestin, and like β-arrestin, NK3R may target acetylate histones at the fos promoter to stimulate c-fos transcription.
Perspectives and Significance
Our results suggest a new role for the membrane-bound GPCR NK3R in altering chromatin structure in brain. In response to acute hyperosmolarity, membrane-bound NK3R are activated, internalized to the cytoplasm, and translocated to the nucleoplasm. The nuclear NK3R then plays a role to potentially acetylate H3 and H4, relax chromatin structure and affect transcription. This model illustrates the dynamic and complex nature of NK3R function in PVN neurons area after an acute physiological challenge. While the present focus is on the PVN, the same may apply to multiple other brain regions that express NK3R. Indeed, NK3R is detected within the nuclei of neurons in the globus pallidus and ventral tegmental area (40; 41) . Additional techniques were not used to identify whether nuclear NK3R in these brain areas associated with transcriptionally active chromatin, but the presence of the NK3R in nuclei of neurons in a variety of brain regions suggests that NK3R may affect gene activation under multiple conditions. These data support an interesting and novel mechanism, that NK3R, and perhaps other GPCR's moves to the nucleus and directly interacts with chromatin to potentially affect transcription.
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No conflicts of interest are declared by the author(s). low (6,000 x) power to illustrate that intact nuclei were captured using the procedure. The nuclear membrane, nucleolus, and several 15 nm gold beads may be detected. At 40,000x, a few NK3R 15 nm gold beads are seen in the nucleus isolated from a control rat (B) and multiple NK3R 15 nm gold beads are seen in the nucleus from a rat treated with 2 M NaCl (C). At these powers, however, 6 nm beads are difficult to discern. 
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Percentage of 15 nm gold beads co-localized with 6 nm gold beads in the nuclei from control rats, rats treated with 2 M NaCl but no primary antibody, and rats treated with 2 M NaCl. Vertical bars represent the mean ± SEM in each group. ** P<0.0001 compared with the control groups. 
